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To understand further the role of the dynamic interplay
between keratinocytes and stromal components in the
regulation of the growth, di¡erentiation, morphogen-
esis, and basement membrane assembly of human stra-
ti¢ed squamous epithelium, we have generated novel,
three-dimensional organotypic cultures in which skin
keratinocytes were grown in the absence or presence of
pre-existing basement membrane components and/or
dermal ¢broblasts.We found that keratinocytes cultured
in the presence of pre-existing basement membrane
components and dermal ¢broblasts for 9 d showed ra-
pid assembly of basement membrane, as seen by a
nearly complete lamina densa, hemidesmosomes, and
the polarized, linear distribution of laminin 5 and a6
integrin subunit. Basement membrane assembly was
somewhat delayed in the absence of dermal ¢broblasts,
but did occur at discrete nucleation sites when pre-
existing basement membrane components were present.
No basement membrane developed in the absence of
pre-existing basement membrane components, even in
the presence of dermal ¢broblasts. Bromodeoxyuridine
incorporation studies showed that early keratinocyte
growth was independent of mesenchymal support, but
by 14 d, both ¢broblasts and assembled basement mem-
brane were required to sustain growth. Normalization
of keratinocyte di¡erentiation was independent of both
dermal ¢broblasts and structured basement membrane.
These results indicated that epithelial and mesenchymal
components play a coordinated role in the generation of
structured basement membrane and in the regulation of
normalized epithelial growth and tissue architecture in
an in vitro model of human skin. Key words: basement
membrane/epithelial-mesenchymal interactions/¢broblasts/la-
minin 5/organotypic culture. J Invest Dermatol 120:923 ^931,
2003
M
icroenvironmental factors, such as the dynamic
cross-talk between epithelium and connective
tissue, are known to regulate epidermal mor-
phogenesis and homeostasis. Di¡usible factors
produced by keratinocytes and mesenchymal
cells are known to support epidermal growth and di¡erentiation
through the reciprocal modulation of paracrine-acting, growth-
regulatory factors (Smola et al, 1993; Szabowski et al, 2000).
Epithelial^mesenchymal interactions have also been shown to
mediate the synthesis of basement membrane constituents and
to contribute to basement membrane formation (Fleischmajer
et al, 1998; Smola et al, 1998b). Interactions between keratinocytes
and extracellular matrix proteins at the basement membrane zone
maintain tissue integrity and modulate keratinocyte adhesion,
proliferation, migration, and gene expression (Fusenig, 1994;
Jones et al, 1995).
Epithelial basement membranes are composed of an intricate
network of extracellular matrix proteins that interact at the epithe-
lial^stromal interface (Christiano and Uitto, 1996). Interactions be-
tween the major constituents of basement membrane, including
types IV and VII collagens, several members of the laminin family
(laminins 1, 5, 6, and 7) and nidogen, mediate basement membrane
stability and adhesion through complex molecular interactions.
For example, laminin 5 within anchoring ¢laments links a64 in-
tegrin to type VII collagen to promote epithelial attachment
mediated by hemidesmosomes (Rousselle et al, 1997), whereas
laminin 5 complexed to laminins 6 and 7 interacts with a31 to con-
tribute to basement membrane assembly and stabilization
(Champliaud et al, 1996; Dipersio et al, 1997). Interactions between
type IVcollagen and 1 integrins (Fleischmajer et al, 1997), as well
as those between these integrins and laminins (Fleischmajer et al,
1998), have been shown to provide an early sca¡old for basement
membrane organization. Deposition and assembly of basement
membrane is thought to occur concurrently with the normaliza-
tion of epithelial growth, morphogenesis, and di¡erentiation
(Bohnert et al, 1986; Marinkovich et al, 1993); however, mechan-
isms of basement membrane assembly that are mediated by
epithelial and mesenchymal factors and the concomitant regula-
tion of epidermal phenotype remain unclear.
The integrated events that occur during basement assembly
need to be studied in biologic systems in which a high degree of
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tissue complexity can be achieved. For example, whereas the
synthesis of basement membrane components by keratinocytes
and ¢broblasts has most commonly been studied in monolayer
cultures (Stanley et al, 1982; Bohnert et al, 1986; Woodley et al,
1988; Olsen et al, 1989), keratinocytes do not express their di¡er-
entiated phenotype and signals from a structured extracellular
matrix are not present in these cultures. To overcome this limita-
tion, three-dimensional organotypic cultures, which mimic many
of the in vivo features of human skin, have been used to investi-
gate the role of epithelial^mesenchymal cross-talk in epidermal
biology (Marinkovich et al, 1993; Zieske et al, 1994; Fleischmajer
et al, 1998; Smola et al, 1998b; Hildebrand et al, 2002); how-
ever, the dynamics of basement membrane assembly have not
been fully explored due to the failure of organotypic cultures to
demonstrate morphologically identi¢able basement mem-
brane (Prunieras et al, 1983; Bohnert et al, 1986; Grinnell et al,
1986; O’Keefe et al, 1987; Contard et al, 1993; Ohji et al, 1994). As
intact basement membrane is known to be a critical signal for the
normal control of epidermal growth and di¡erentiation (Stoker
et al, 1990; Fleischmajer et al, 1993; Marinkovich et al, 1993), it is
important to generate organotypic tissues that can develop nor-
malized basement membrane structure.
In this study, we have optimized the growth and di¡erentiation
of skin-like, organotypic cultures by combining the two compo-
nents thought to be critical in the normalization of epidermal
homeostasis: dermal ¢broblasts and basement membrane. These
organotypic cultures allow us to ask how basement membrane
components and/or dermal ¢broblasts direct the assembly
and organization of structured basement membrane and the
concomitant normalization of epidermal phenotype. This was
accomplished by growing keratinocytes on an acellular, human
dermal substrate (AlloDerm) that was repopulated with human
¢broblasts.We have found that organotypic cultures grown with
dermal ¢broblasts on pre-existing basement membrane compo-
nents demonstrated a high degree of tissue normalization and
formed a structured, mature basement membrane. In contrast,
keratinocytes grown in the absence of pre-existing basement
membrane components were well-strati¢ed, but did not form
structured basement membrane and showed aberrant tissue orga-
nization. In the absence of dermal ¢broblasts, basement mem-
brane assembly occurred at discrete initiation sites, as long as
pre-existing basement membrane components were present. Ma-
turation of well-structured basement membrane was found to be
associated with the linear deposition of the receptor-ligand pair
in hemidesmosomes, laminin 5 and a6 integrin. Furthermore,
sustained keratinocyte growth required both intact basement
membrane and dermal ¢broblasts, whereas normalized tissue dif-
ferentiation was independent of these components. This novel
human tissue model recapitulates the morphology of the in vivo
tissue to a large degree and has facilitated further clari¢cation of
the contributions made by basement membrane components and
dermal ¢broblasts to normal epidermal morphogenesis.
MATERIALS AND METHODS
Monolayer cell culture Normal human epidermal keratinocytes were
cultured from newborn foreskin by the method of Rheinwald and Green
(1975) in keratinocyte medium described byWu et al (1982). Cultures were
established through trypsinization of foreskin fragments and grown on
irradiated 3T3 ¢broblasts. 3T3 cells were maintained in Dulbecco’s
modi¢ed Eagle’s medium containing 10% bovine calf serum. Human
dermal ¢broblasts were derived from foreskins and grown in media
containing Dulbecco’s modi¢ed Eagle’s medium and 10% fetal calf serum.
All animal experiments were approved by SUNYat Stony Brook’s IACUC
and were performed in compliance with stipulations of that body.
Organotypic culture Organotypic cultures grown in the absence of
pre-existing basement membrane components (‘‘collagen raft’’ cultures)
were prepared as previously described (Vaccariello et al, 1999). Brie£y,
early passage human dermal ¢broblasts were added to neutralized type I
collagen (Organogenesis, Canton, Massachusetts) to a ¢nal concentration
of 2.5104 cells per mL. Three milliliters of this mixture was added to
each 35 mm well insert of a six-well plate and incubated for 4^6 d in
media containing Dulbecco’s modi¢ed Eagle’s medium and 10% fetal calf
serum, until the collagen matrix showed no further shrinkage. At this
time, a total of 5105 normal human epidermal keratinocytes were
seeded directly on the contracted collagen gel. Organotypic cultures were
grown in the presence of pre-existing basement membrane components
(‘‘AlloDerm cultures’’) by seeding keratinocytes on AlloDerm, a de-
epidermalized, acellular cadaver dermis derived from human skin, which
was treated to remove the surface epithelium and stromal cells while still
retaining basement membrane components on its surface (LifeCell Corp.,
Branchburg, New Jersey).This de-epidermalized dermis was layered on the
contracted collagen gel described above with the basement membrane
facing up, and ¢broblasts migrated from the gel below into the
AlloDerm. Cultures were prepared in the absence of ¢broblasts by
incubating contracted collagen gels with distilled water for 3 h. Cultures
were maintained submerged in low calcium epidermal growth media for
2 d, submerged for 2 d in normal calcium epidermal growth media and
raised to the air^liquid interface by feeding from below with normal
calcium corni¢cation medium for an additional 3^10 d (Vaccariello et al,
1999). Cultures were maintained for 2, 9, and 14 d and were performed in
triplicate. For proliferation assays, bromodeoxyuridine (BrdU) (Sigma, St
Louis, MO) was added to organotypic cultures 8 h prior to harvesting at a
¢nal concentration of 10 mM.
Immuno£uorescence Specimens were frozen in embedding media
(Triangle Biomedical, Durham, North Carolina) in liquid nitrogen vapors
after being placed in 2 M sucrose for 2 h at 41C. Tissues were serial
sectioned at 6 mm and mounted on to gelatin-chrome alum-coated slides.
Tissue sections were washed with phosphate-bu¡ered saline and blocked
with 10 mg goat IgG per mL, 0.05% goat serum, and 0.2% bovine serum
albumin, vol/vol in phosphate-bu¡ered saline without ¢xation. Sections
were incubated with monoclonal antibodies to laminin 5 (GB-3, Gift of
Dr G. Meneguzzi), a6 integrin subunit (G0H3) (Chemicon International
Inc., Temecula, California), BrdU (Boehringer Mannheim, Indianapolis,
Indiana) and ¢laggrin (Biomedical Technologies Inc., Stoughton,
Massachusetts) and detected with Alexa 594t -conjugated goat anti-rat or
anti-mouse IgG (Molecular Probes, Eugene, Oregon). Slides were
coverslipped with Vectashield containing 1 mg per mL DAPI (Vector
Laboratories, Burlingame, California). Fluorescence was visualized using a
Nikon Eclipse 600 microscope and photomicroscopy was performed using
a Texas Red ¢lter. For routine light microscopy, tissues were ¢xed in 10%
neutral bu¡ered formalin, embedded in para⁄n, and 4 mm sections were
stained with hematoxylin and eosin.
Transmission electron microscopy Organotypic cultures were cut
into small pieces of approximately 2 2 mm and ¢xed in 2%
glutaraldehyde in 0.1 M cacodylate and 0.1 M sucrose at pH 7.2. The
samples were then post¢xed in 2% osmium tetroxide in 0.1 M cacodylate
and 1% tannic acid in 0.1 M cacodylate. Following ¢xation the samples
were dehydrated in graded ethanol, cleared with propylene oxide and
in¢ltrated with Spurr’s resin. Following polymerization of the resin, thick
sections were produced using a Reichert Ultracut E microtome and
sections were stained with toluidine blue to determine orientation. The
blocks were then thin sectioned at approximately 90 nm and mounted on
copper grids. Grids were stained with 5% uranyl acetate in deionized water
and Reynold’s lead citrate. Stained grids were examined at various
magni¢cations using a Hitachi H-600 transmission electron microscope
(Hitachi, Brisbane CA, USA).
RESULTS
Basement membrane components and dermal ¢broblasts
optimize epidermal morphogenesis The organotypic tissue
model was fabricated by growing human keratinocytes on an
acellular, human dermal substrate (AlloDerm) that was
repopulated with human ¢broblasts that migrated into the
dermis from an underlying contracted collagen gel (Fig 1A).
Keratinocytes grown on AlloDerm generated an epithelium
with an in vivo-like tissue architecture after 9 d (Fig 1B). In
the presence of ¢broblasts. These cultures demonstrated an
orthokeratinized epithelium with polarized, columnar basal cells
nested in rete pegs and well-formed spinous and granular layers
(Fig 1B, layer A). The upper part of the connective tissue showed
papillary dermis composed of a ¢ne, collagenous network
(Fig 1B, layer B1) and the lower reticular dermis composed of
denser collagen bundles (Fig 1B, layer B2). Fibroblasts seeded
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into the contracted type I collagen gel (Fig 1B, layer C)
repopulated the AlloDerm by migrating into its lower surface.
AlloDerm tissues have been found to retain the pre-existing
basement membrane components types IV and VII collagen
and laminin 1 on their upper surface (data not shown). In
the absence of ¢broblasts, keratinocytes cultured for 9 d in
AlloDerm cultures, showed a thin epithelium that demonstra-
ted all morphologic strata (Fig 2A). In comparison, the
incorporation of ¢broblasts (Fig 2B, arrows) into these cultures
resulted in a fully strati¢ed epithelium, which showed normal
morphologic di¡erentiation and tissue architecture (Fig 2B).
A considerably thinner epithelium demonstrating less prominent
morphologic strata was seen when cultures were grown without
¢broblasts and without pre-existing basement membrane
components (collagen raft cultures) for 9 d (Fig 2C). These
cultures demonstrated altered tissue architecture that was
characterized by £attened basal cells and a lack of clear tran-
sition between morphologic strata. In contrast, cultures grown
without basement membrane components but with ¢broblasts
for 9 d showed a well-strati¢ed epithelium (Fig 2D). The
lower layers of this epithelium showed altered tissue
organization, however, suggesting that pre-existing basement
membrane components present in the AlloDerm were needed
to polarize basal keratinocytes and achieve optimal tissue
architecture.
When grown on AlloDerm with ¢broblasts for 14 d, the
epithelium continued to mature and showed a well-polarized
basal layer and surface hyperorthokeratosis (Fig 2F). In contrast,
the epithelium remained thin when AlloDerm cultures were
grown without ¢broblasts for 14 d (Fig 2E), suggesting that
little growth had occurred beyond day 9 in cultures grown
without ¢broblasts. Alterations in morphology were evident in
14 d cultures grown without ¢broblasts or basement membrane
components (Fig 2G). In these cultures, basal cells were widely
spaced and £attened, the surface layer was parakeratotic and no
clear transition between morphologic strata could be identi¢ed.
Tissue strati¢cation improved when these cultures were grown
in the presence of ¢broblasts for 14 d but the tissue remained
highly disorganized (Fig 2H). A summary of the morphologic
¢ndings for all cultures is seen in Table I. These ¢ndings
demonstrated that the presence of both pre-existing basement
membrane components and dermal ¢broblasts were required to
generate an epithelium with optimal morphology and tissue
organization. Dermal ¢broblasts were needed to support full
strati¢cation, whereas basement membrane components were
required to improve tissue architecture.
Pre-existing basement membrane components direct
the assembly of structured basement membrane The
ultrastructural appearance of the basement membrane zone in
organotypic cultures grown with and without ¢broblasts and/or
pre-existing basement membrane components was studied by
transmission electron microscopy (Fig 3). No lamina densa or
basement membrane structure was seen when collagen rafts were
grown with ¢broblasts for 9 d (Fig 3A). The dermal^epidermal
interface of these cultures showed electron-dense condensations
that did not display structural features of hemidesmosomes (Fig
3A, arrows). In contrast, cultures grown for 9 d on AlloDerm
with ¢broblasts demonstrated extended stretches of lamina
densa (Fig 3B). Isolated areas showed hemidesmosomes,
consisting of inner and outer plaques associated with keratin
¢laments intracellularly (Fig 3B, inset, white arrow) and ¢ne
bridging structures representing anchoring ¢laments on their
extracellular surface (Fig 3B, inset, black arrows).When grown in
the absence of ¢broblasts for 9 d, however, AlloDerm cultures
did not show a continuous lamina densa, but rather
demonstrated evenly spaced hemidesmosomes (Fig 3C). Under
higher magni¢cation, these regions showed focal areas of lamina
densa and hemidesmosomes (Fig 3C, inset), which were adjacent
to keratin ¢lament bundles intracellularly (Fig 3C, inset, white
arrows) and ¢lamentous structures that spanned to the lamina
densa (Fig 3C, inset, black arrow). Further maturation of basement
Figure1. Schematic representation of the AlloDerm culture model and tissue morphology of AlloDerm cultures. As seen in (A), a type I
collagen gel that contained dermal ¢broblasts (C) was fabricated and allowed to contract for 7 d. AlloDerm, a de-epidermalized, acellular human dermis
(B), was then laid on this gel to allow ¢broblasts to migrate into the dermis. Twenty-four hours later, keratinocytes (A) were seeded on the pre-existing
basement membrane components present on the surface of the AlloDerm. Cultures were submerged in media for 4 d and then grown at an air^liquid
interface for either 3 or 10 additional days.‘‘Collagen raft’’cultures were grown directly on the collagen gel (C), without the intervening AlloDerm substrate.
In (B), the morphologic components of the AlloDerm culture model are seen after 9 d in culture. An orthokeratinized strati¢ed squamous epithelium is seen
that shows polarized basal cells and rete pegs (A). Basal keratinocytes are resting on a papillary dermis composed of ¢ne, collagen ¢brils (B1) that is over-
lying a reticular dermis containing dense collagen bundles (B2). Beneath the dermis is the contracted, type I collagen gel, which was seeded with ¢broblasts
(C). Fibroblasts have migrated from the gel into the dermis. The polycarbonate membrane that supports these cultures is seen under the collagen gel.
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membrane structure was seen by the presence of a more
continuous lamina densa in AlloDerm cultures grown for 14 d
without ¢broblasts (Fig 3D). Hemidesmosomes were seen at
regularly spaced intervals (Fig 3D, dark arrows) and anchoring
¢brils were seen adjacent to the lamina densa (Fig 3D, white
arrow). This demonstrated that, whereas ¢broblasts could
accelerate basement membrane maturation, they were not
required for the development of structured basement membrane
as long as pre-existing basement membrane components were
present. Cultures grown in the presence of ¢broblasts for 14 d
showed a lamina densa that was more electron dense and
continuous than that seen in 9 d AlloDerm cultures with
¢broblasts (Fig 3E). Interestingly, the electron-dense material
of the lamina densa in these 9 and 14 d AlloDerm cultures was
similar to that seen on the surface of AlloDerm that
was analyzed after it was prepared and not placed in culture
(Fig 3F). This suggested that basement membrane organization
took place on this surface, which served as a structural template
for the assembly of basement membrane. It was concluded that
pre-existing basement membrane components, but not dermal
¢broblasts, were required for the assembly of structured
basement membrane and hemidesmosomes. As seen in collagen
raft cultures, however, the presence of ¢broblasts alone was
not permissive for the generation of a structured basement
membrane.
Normalized deposition of hemidesmosomal components
is dependent upon pre-existing basement membrane
components and is accelerated by dermal ¢broblasts The
role of basement membrane components and dermal ¢broblasts
in the assembly of basement membrane was also characterized
by determining the distribution of laminin 5 and its receptor,
a6b4 integrin, by immunohistochemical stain. Basement
membrane normalization was assessed by the degree to which
these proteins were deposited in a polarized, linear pattern at the
basement membrane zone. In the absence of dermal ¢broblasts,
9 d AlloDerm cultures demonstrated a patchy, discontinuous
deposition of laminin 5 at the dermal^epidermal interface
(Fig 4A). In contrast, cultures grown on AlloDerm in the
presence of ¢broblasts for 9 d demonstrated continuous and
Figure 2. Morphogenesis of strati¢ed squamous epithelium in the presence or absence of pre-existing basement membrane components and
dermal ¢broblasts. Keratinocytes were grown in organotypic culture for either 9 d (A^D) or 14 d (E^H) in the absence (C,D,G,H) or presence (A,B,E,F) of
pre-existing basement membrane components. In the presence of basement membrane components and ¢broblasts, a fully strati¢ed epithelium was seen
that demonstrated normal morphologic di¡erentiation and tissue architecture (B,F), whereas cultures were considerably thinner without ¢broblasts (A,E). In
the absence of pre-existing basement membrane components, cultures underwent greater strati¢cation with ¢broblasts (D) than without ¢broblasts (C), but
both conditions showed altered tissue architecture characterized by disorganization of basal cells. These architectural alterations were more evident in 14 d
cultures (G,H).
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linear deposition of laminin 5 that was strictly polarized along
the basement membrane zone (Fig 4B). This suggested that the
normalized deposition and organization of laminin 5 was
accelerated when ¢broblasts were incorporated into AlloDerm
cultures. In contrast, a discontinuous pattern of laminin 5
deposition was seen for cultures grown on collagen rafts in the
absence of pre-existing basement membrane components both
without or with ¢broblasts. In the absence of ¢broblasts,
laminin 5 was limited to the cytoplasm of basal cells and was
not deposited in the basement membrane zone after 9 d
(Fig 4C). The addition of ¢broblasts to these cultures resulted in
the extracellular deposition of laminin 5, but the staining
distribution remained punctate and discontinuous (Fig 4D).
Even in the absence of ¢broblasts, AlloDerm cultures showed a
polarized and linear distribution of laminin 5 after 14 d (Fig 4E).
This supports the view that normalized laminin 5 deposition
and basement membrane formation did not require dermal
¢broblasts, as long as keratinocytes were grown on an inter-
face containing pre-existing basement membrane proteins.
In contrast, cultures grown without basement membrane
components but with ¢broblasts for 14 d continued to show
patchy deposition of laminin 5 (Fig 4G,H).When these cultures
were grown without ¢broblasts, only faint laminin 5 staining
was seen, suggesting that this protein had been degraded in the
absence of ¢broblasts (Fig 4G). It appears that, whereas laminin
5 was synthesized in the absence of pre-existing basement
membrane components, these components were needed to direct
the deposition of laminin 5 into the assembling basement
membrane.
The distribution of the a6 integrin subunit closely paralleled
that of laminin 5 (Table I). Cultures grown on AlloDerm
without ¢broblasts for 9 d demonstrated staining that was both
linear, yet pericellular in the suprabasal layers (Table I). Five days
later (day 14), cultures grown without ¢broblasts showed further
basement membrane maturation as evidenced by the restriction
of a6 integrin to a linear and polarized distribution at the
basement membrane zone (Fig 4I). This linear pattern was
similar to that seen when cultures were grown in the presence of
pre-existing basement membrane proteins and dermal ¢broblasts,
both at 9 d (Table I) and 14 d (Fig 4J), suggesting that the
presence of dermal ¢broblasts accelerated the normalized
distribution of this protein. In contrast, cultures grown in the
absence of pre-existing basement membrane components
demonstrated a pericellular distribution of a6 subunit without
¢broblasts and a patchy, extracellular deposition with ¢broblasts
(Table I). These ¢ndings demonstrated that the spatial and
temporal deposition of laminin 5 and a6 integrin were similar
during the maturation of the basement membrane. Thus, the
normalized deposition of this integrin-ligand pair was ¢broblast
independent, but required the presence of pre-existing basement
membrane components. The progressive maturation of basement
membrane seen by the transition from the pericellular and patchy,
to the linear, polarized deposition of these components in
AlloDerm cultures, closely matched the temporal sequence of
events through which ultrastructural assembly of basement
membrane occurred.
Sustained keratinocyte growth requires ¢broblasts and
basement membrane, whereas normalized di¡erentiation
is ¢broblast independent Growth of keratinocytes in
organotypic cultures was determined by measuring the
percentage of basal cells that incorporated BrdU during a 8 h
pulse [labeling index (LI)]. Two day after seeding, keratinocyte
cultures demonstrated elevated levels of proliferation regardless
of the presence of dermal ¢broblasts or basement membrane
components (Fig 5). These cultures showed LI between 28 and
36%, suggesting that the initial growth of keratinocytes was
independent of mesenchymal stimulation. Only keratinocytes
cultured in the presence of AlloDerm and ¢broblasts, however,
were able to maintain proliferative activity after 14 d in culture.
Keratinocytes grown directly on collagen rafts, with or without
¢broblasts, as well as cells grown on AlloDerm without
¢broblasts, showed a 1.5^2-fold decrease in LI after 9 d
and nearly complete suppression of growth 14 d after seeding
(Fig 5). In contrast, AlloDerm cultures grown for 14 d with
¢broblasts showed a LI that continued to decrease to a range that
was more similar to that seen in vivo, suggesting that full
maturation of basement membrane structure was coupled to the
normalization of keratinocyte growth. This demonstrated that
the presence of both structured basement membrane and dermal
¢broblasts were required to sustain keratinocyte growth in
organotypic culture.
Normalization of keratinocyte di¡erentiation was independent
of dermal ¢broblasts and basement membrane. When grown
with ¢broblasts for 9 d and 14 d, ¢laggrin was expressed in the
upper third of the epithelium in a pattern similar to that seen in
human skin.This was the case for both AlloDerm cultures grown
for 9 d (Fig 6A) and 14 d (Fig 6B) and for collagen raft cultures
grown for 9 d (Fig 6C). In the absence of dermal ¢broblasts,
AlloDerm cultures (Fig 6D,E) and collagen raft cultures
(Fig 6F) grown for 9 and 14 d were considerably thinned,
but demonstrated a normal pattern of ¢laggrin distribu-
tion. These ¢ndings showed that sustained keratinocyte
growth was dependent on the presence of both structured
Table I. Summary of morphology, basement membrane components, and assembly, growth,
and di¡erentiation of organotypic epithelia
þBM þHFF þBM HFF BM þHFF BM HFF
9d 14d 9d 14d 9d 14d 9d 14d
Tissue strati¢cation nnnnn nnnnn nn nn nnn nnn nn nn
Tissue architecture normal normal, well-
polarized basal cells
normal normal aberrant,
loss of polarity
aberrant aberrant,
£at basal cell layer
aberrant,
£at basal cell layer,
parakeratin
Basement membrane assembly þHD
þLDa
þHD
þLDa
þHD
þLDb
þHD
þLDa
HD
LD
ND ND ND
Laminin 5 linear linear patchy linear patchy patchy patchy/pc patchy/faint
a6 integrin linear linear linear/pc/sb linear patchy linear/pc linear/pc patchy/faint
Filaggrin +++ +++ ++ +++ +++ ++ +++ ++
Brdu (LI) 43% 18% 18% 0% 26% 0% 24% 0%
BM ^ basement membrane, HFF ^ human foreskin ¢broblasts.
nnnnn ^ full strati¢cation, nnn ^ moderate strati¢cation, nn ^ little strati¢cation.
HD ^ hemidesmosome, LD ^ Lamina densa. alinear, bfocal.
pc ^ pericellular staining only, sb ^ suprabasal staining.
ND ^ not determined.
+++ ^ strong staining, þþ ^ moderate staining.
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basement membrane and dermal ¢broblasts, whereas nor-
malized di¡erentiation was independent of both of these
microenvironmental factors.
DISCUSSION
We have developed novel organotypic cultures of human strati-
¢ed squamous epithelium to investigate how microenvironmen-
tal factors such as pre-existing basement membrane components
and dermal ¢broblasts direct the organization, assembly, and ma-
turation of basement membrane and modulate epidermal pheno-
type. Using these engineered human tissues, we have found that
these components play a co-ordinated part in the generation of a
well-structured basement membrane, regulate keratinocyte
growth and di¡erentiation, and normalize epithelial tissue archi-
tecture. In the absence of pre-existing basement membrane com-
ponents such as laminin 1 and type IV and VII collagen,
¢broblasts were not su⁄cient to generate structured basement
membrane or to normalize epithelial phenotype. When these
proteins were present at the time keratinocytes were seeded
(AlloDerm cultures), a well-structured basement membrane
formed both with and without dermal ¢broblasts. The incorpora-
tion of ¢broblasts into the AlloDerm cultures accelerated base-
ment membrane assembly, sustained keratinocyte growth, and
normalized epidermal tissue architecture. We have achieved this
by repopulating an acellular human dermis with viable ¢broblasts
that migrated from an underlying contracted type I collagen gel.
This novel, human tissue model recapitulates the morphology of
the in vivo tissue to a large degree and contributes to our under-
standing of the role of epithelial^mesenchymal cross-talk in the
normalization of basement membrane structure and the morpho-
genesis of human skin.
Our ultrastructural and immunohistochemical evidence clearly
point to the rapid assembly of basement membrane when kerati-
nocytes were cultured on AlloDerm that was repopulated with
¢broblasts. Structured basement membrane was seen at 9 d as a
nearly continuous lamina densa and was paralleled by the linear
and polarized distribution of laminin 5 and the a6 integrin sub-
unit. In the absence of ¢broblasts, basement membrane assembly
Figure 3. Ultrastructural assembly of the basement membrane zone in organotypic cultures. Cultures grown either in the absence (A) or presence
of pre-existing basement membrane components (B^E) were studied after 9 d (A^C) and 14 d (D,E). Cultures were grown either with both keratinocytes
and ¢broblasts (A,B,E) or with keratinocytes and no ¢broblasts (C,D). AlloDerm was also analyzed after it was freshly prepared without growing it in
culture (F). Electron-dense condensations are seen in the absence of pre-existing basement membrane components (A, arrows) but no other basement mem-
brane structures were seen (A). Lamina densa and hemidesmosomes were seen in (B), as evidenced by electron-dense plaques (inset) showing intracellular
(white arrow) and extracellular (black arrow) ¢lamentous structures. Focal areas of well-organized lamina densa and hemidesmosomes were seen in (C) (black
arrows). Under higher magni¢cation, these areas showed regularly spaced, electron-dense plaques (inset), which were associated with intracellular bundles of
keratin ¢laments (inset, white arrow) and ¢lamentous structures, which extended to the lamina densa (inset, black arrow). A more continuous basement mem-
brane demonstrating anchoring ¢brils (white arrow) and hemidesmosomes (black arrow) were seen in (D), whereas a continuous lamina densa was seen in (E).
Electron-dense material was seen on the upper surface of freshly prepared AlloDerm, which was not used in cultures (F, arrows).
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was initially seen as regularly spaced areas of lamina densa adja-
cent to hemidesmosomes, which may represent nucleation sites
for basement membrane assembly. The patchy, but linear distri-
bution of laminin 5 and a6 integrin seen by immunohistochem-
ical stain supports the view that initial basement membrane
organization can occur at discrete sites (Fleischmajer et al, 1998).
It is thought that formation of structured basement membrane is
a self-assembly process (Smola et al, 1998b; Colognato andYurch-
enco, 2000), which occurs as the local concentration of basement
membrane proteins reaches a critical threshold and enables these
components to interact physically (Yurchenco and O’Rear, 1994).
Marinkovich et al (1993) have shown that ¢broblasts play a part in
this process by secreting proteins that reorganize the extracellular
matrix or stabilize previously assembled basement membrane.
This study showed that when grown in organotypic culture with
human foreskin keratinocytes, dermal ¢broblasts synthesized and
deposited three major components of basement membrane: lami-
nin 1 and collagen types IV and VII (Marinkovich et al, 1993). It
has been shown that these components need to be assembled
prior to the formation of a mature basement membrane in order
to bind to cell surface integrins and serve as nucleation sites for
the self-assembly of basement membrane (Fleischmajer et al, 1998).
Our ¢nding of discrete sites of basement membrane organiza-
tion in the absence of ¢broblasts strongly suggests that the pre-
existing basement membrane components present on AlloDerm
cultures provided a template on which basement membrane de-
velopment could rapidly occur. It has recently been shown that
hemidesmosomes form around pre-existing anchoring ¢brils
when foreskin keratinocytes were grown on a de-epidermalized
bovine tongue connective tissue without ¢broblasts (Hildebrand
et al, 2002). Similarly, cell suspensions (Friend et al, 1982) and vi-
able sheets of adult rabbit corneal epithelium (Gipson et al, 1983;
Payne et al, 2000) have been shown to assemble hemidesmosomes
rapidly when grown on corneal stroma that contains intact basal
laminae. It was found that hemidesmosome assembly occurred at
sites where pre-existing anchoring ¢brils inserted into the lamina
densa, suggesting that these were likely nucleation sites for hemi-
desmosome organization (Gipson et al, 1983).We observed that no
basement membrane assembly was seen when keratinocytes were
grown in organotypic culture without pre-existing basement
membrane components, even when ¢broblasts were incorpo-
rated. Thus, the presence of these pre-existing basement mem-
brane proteins provides an important permissive cue for the
rapid formation and maturation of ultrastructurally complete
basement membrane.
We have incorporated ¢broblasts into our tissue model by
facilitating their migration to repopulate a previously acellular
dermis. These ¢broblasts moved from the underlying contracted,
type I collagen gel and were retained in the reticular dermis
(Lee et al, 2000). We have shown that epidermal morphogenesis
and growth were signi¢cantly compromised by the absence of
dermal ¢broblasts. Similarly, previous studies have shown that
keratinocyte growth and di¡erentiation were improved when ¢-
broblasts were incorporated into dermal equivalents (Limat et al,
Figure 4. Pre-existing basement membrane components and ¢broblasts enhance the deposition and polarization of laminin 5 and the a6
integrin subunit. Immuno£uorescent stain for laminin 5 was performed on 9 and 14 d organotypic cultures in the presence of pre-existing basement
membrane components with (B,F) and without (A,E) ¢broblasts and in the absence of pre-existing basement membrane with (D,H) and without (C,G)
¢broblasts. Staining for the a6 integrin subunit was performed on 14 d organotypic cultures in the presence of pre-existing basement membrane compo-
nents with (J) and without (I) ¢broblasts. Nine day cultures grown in the presence of pre-existing basement membrane without ¢broblasts (A) demon-
strated a patchy, discontinuous pattern of laminin 5 compared with cultures grown in the presence of ¢broblasts (B), which showed continuous and linear
deposition of laminin 5. Linear deposition was seen in 14 d cultures that contained pre-existing basement membrane components grown both with (F) or
without (E) ¢broblasts. In contrast, cultures grown in the absence of pre-existing basement membrane components with (D,H) and without (C,G) ¢bro-
blasts demonstrated laminin 5 expression that was discontinuous and pericellular at both 9 and 14 d.The linear deposition of a6 integrin subunit was seen in
a pattern similar to laminin 5 when 14 d cultures were grown without (I) and with (J) ¢broblasts in the presence of pre-existing basement membrane
components.
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1989; Rosdy and Clauss, 1990; Ponec and Kempenaar, 1995).
In addition to the role of ¢broblasts in the production of
basement membrane components, it has been shown that di¡usi-
ble factors produced by ¢broblasts play a part in extracellular ma-
trix metabolism and modulate keratinocyte production of
basement membrane components (Smola et al, 1998b). This may
help explain the more rapid assembly of basement membrane on
AlloDerm grown in the presence of ¢broblasts when compared
with cultures fromwhich ¢broblasts were excluded.The coopera-
tion between speci¢c ¢broblast-derived soluble factors and base-
ment membrane assembly has recently been established (Li et al,
2001).
Organotypic tissue models have previously been adapted to
study epithelial^mesenchymal interactions (Boxman et al, 1993;
Smola et al, 1994; Berking and Herlyn, 2001) on a variety of
connective tissue substrates that served as dermal equivalents.
A well-strati¢ed epithelium was seen when cultures were grown
on dermal equivalents fabricated as type 1 collagen gels, which
were populated with ¢broblasts (Bell et al, 1981; Asselineau et al,
1989; Parenteau et al, 1991). Porous membranes seeded with ¢bro-
blasts or coated with extracellular matrix proteins have been used
to generate skin-like organotypic cultures (Rosdy and Clauss,
1990). Alternatively, ¢broblasts have been incorporated into a
three-dimensional sca¡old, where these cells could secrete and
organize an extracellular matrix (Fleischmajer et al, 1998).Whereas
organotypic cultures of strati¢ed epithelium have been shown to
express basement membrane components in organotypic culture
(Prunieras et al, 1983; Bohnert et al, 1986; Grinnell et al, 1986; Con-
tard et al, 1993; Ohji et al, 1994), limited success has been achieved
in attaining structured basement membrane (Marinkovich et al,
1993; Zieske et al, 1994; Smola et al, 1998). As it is known that base-
ment membrane components play a functional part in the regula-
tion of epidermal growth and di¡erentiation (Stoker et al, 1990), it
is important to generate cultures that have a well-structured base-
ment membrane. Furthermore, it has previously been shown that
the correct spatial organization and polarity of basal cells was as-
sociated with functional hemidesmosomes and basement mem-
brane integrity (Dowling et al, 1996). Our ¢ndings support these
observations as only tissues with well-structured basement mem-
brane showed optimal epithelial tissue architecture.
Figure 5. Keratinocyte growth is sustained by ¢broblasts and basement membrane interactions. Organotypic cultures were grown for 2, 9, and 14
d and pulsed with 10 mM BrdU for their last 8 h. LI was determined by counting BrdU-positive, basal cell nuclei after immunohistochemical stain with an
anti-BrdU antibody. Only cultures containing both assembled basement membrane and ¢broblasts were able to sustain keratinocyte growth for 14 d
(’y’y’). Cultures grown with ¢broblasts and without basement membrane components (7y7y7), without ¢broblasts and with basement
membrane components (4y4y4), and without either ¢broblasts and basement membrane components (&y&y&) showed elevated growth initially,
but no proliferative activity at 14 d.
Figure 6. Di¡erentiation of organotypic cultures is independent of pre-existing basement membrane components and dermal ¢broblasts.
Immuno£uorescent stain for ¢laggrin demonstrated a normal pattern of expression limited to the stratum granulosum and stratum corneum when cultures
were grown in the presence of ¢broblasts both with (A,B) or without (C) pre-existing basement membrane components and when cultures were grown in
the absence of ¢broblasts with (D,E) or without (F) pre-existing basement membrane components.
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The goal of organotypic cultures of human skin is to fabricate
and maintain a strati¢ed epithelium that demonstrates in vivo-like
features of epidermal morphology, growth, and di¡erentiation
(Berking and Herlyn, 2001). We have optimized these cultures
by combining the two components thought to be critical in epi-
dermal normalization: dermal ¢broblasts and structured base-
ment membrane. Dermal ¢broblasts were required to stimulate
strati¢cation and accelerate basement membrane formation,
whereas pre-existing basement membrane components were re-
quired to initiate and promote basement membrane assembly.
Both of these microenvironmental factors were needed to sustain
keratinocyte growth and optimize epithelial architecture. Our
cultures demonstrated signi¢cantly improved basement mem-
brane organization, strati¢cation, growth, and di¡erentiation
when compared with cultures that lacked human ¢broblasts,
pre-existing basement membrane proteins or both of these com-
ponents. This novel, composite culture system mimics the essen-
tial morphologic features of human skin to a high degree and
demonstrates that this human culture model will be a valuable
tool for future studies.
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